The RING finger protein Rnf146 encodes an E3 ubiquitin ligase capable of targeting poly-ADP-ribosylated substrates for proteasomal degradation. Rnf146 has been identified as a critical regulator of Axin1 and thus of Wnt/β-catenin signaling. However its physiological significance in vertebrate embryonic development remains to be demonstrated. In this study, we take advantages of early Xenopus embryos to demonstrate that Rnf146 is essential for embryonic pattern formation. Depletion of zygotic Rnf146 using a translation blocking morpholino oligo (MO) results in anteriorized development and increased expression the anterior marker gene Otx2, consistent the notion that Rnf146 is a positive regulator of Wnt/β-catenin signaling through negatively regulating Axin1 expression. This notion is further supported by examination of the role of maternal Rnf146 in the context of Spemann organizer formation and dorsal axis development. Depletion of maternal Rnf146 using an antisense oligodeoxynucleic acid (ODN) leads to ventralized development and diminished expression of organizer genes. Together, we have provided evidence for the first time that Rnf146 is a critical regulator of embryonic pattern formation in vertebrates.
Introduction
Wnt/β-catenin signaling regulates various cellular processes during the entire lifespan of metazoan organisms (Angers and Moon, 2009; Clevers, 2006; Klaus and Birchmeier, 2008; MacDonald et al., 2009; van Amerongen and Nusse, 2009 ). It is required for self-renewal of adult stem cells and thus the tissue homeostasis. Deregulation of Wnt/ β-catenin signaling has been implicated into a host of diseases including cancer. During organismal development, Wnt/β-catenin signaling regulates the proliferation of embryonic pluripotent cells and tissue progenitors on one hand, and the symmetry breaking and primary body axis formation on the other (Loh et al., 2016) . Hence it is of broad interest to understand how Wnt signaling is regulated during physiological and pathological processes.
Regulation of β-catenin is the key step in the Wnt/β-catenin signaling. In the absence of Wnt ligands, β-catenin is continuously phosphorylated and targeted for proteasomal degradation by the destruction complex (MacDonald et al., 2009) . The destruction complex consists of four core components, i.e., two scaffold proteins Axin1 and APC (Adenomatous Polyposis Coli) and two constitutively active kinases casein kinase I-α (CKI-α) and glycogen synthase kinase-3β (GSK-3β).
Stimulation of Wnt ligand leads to the destruction complex function attenuation, resulting in β-catenin stabilization. Attenuation of the destruction complex function involves phosphorylation of the Wnt receptor LRP5/6 on the plasma membrane and interactions of Dishevelled (DVL) with the Wnt co-receptor Frizzled and/or Axin1. Stabilized β-catenin then translocates into the nucleus and transcriptionally activates the Wnt responsive genes through association with TCF/LEF transcription factors.
Axin1 is a multiple domain-containing protein serving as an organizer of the destruction complex (Song et al., 2014) . The N-terminal RGS domain of Axin1 is able to associate with APC; the C-terminally located DIX domain interacts with DVL; the central domain binds β-catenin and GSK-3β. That Axin1 is concentration limiting in many cells leads to a hypothesis that the expression control of Axin1 level is of critical importance in Wnt signaling (Lee et al., 2003; Salic et al., 2000) . Recent progresses have revealed that Axin1 is specifically degraded through the proteasomal pathway involving the poly-ADP-ribosylating enzymes tankyrase 1/2 (TNKS1/2) and the really interesting gene (RING)-type E3 ligase RNF146 (DaRosa et al., 2015; Huang et al., 2009; Zhang et al., 2011) .
RNF146 in humans is composed of 358 residues. It contains a RING domain in its amino-terminus, which is required for its E3 ligase function, and a WWE domain, which recognizes the poly-ADP-ribosylated substrates (DaRosa et al., 2015; Wang et al., 2012) . In the control of Axin1 degradation, binding of the PARylated Axin1 induces allosteric changes of the RNF146 RING domain and thus activates its ubiquitin ligase activity (DaRosa et al., 2015) . In addition to Axin1, RNF146 is also required for ubiquitylation and degradation of several other substrates, including 3BP2, Angiomotin, and PTEN (Levaot et al., 2011; Li et al., 2015; Wang et al., 2015) . RNF146 has also identified as a neuroprotective molecule during glutamate/NMDA induced neuronal toxicity involving the nuclear PARP-1 activity Kang et al., 2011) .
Despite extensive studies on the cellular role for RNF146, importance of RNF146 in embryonic development has not been tested. The Wnt/β-catenin signaling pathway critically regulates embryonic pattern formation during both organizer formation and anteroposterior pattern formation in early Xenopus development. The maternally supplied Wnt signaling components serve as dorsal determinants inducing Spemann organizer formation. The zygotic Wnt/β-catenin signaling promotes posterior development. Furthermore, overexpression of Axin1 soon after fertilization causes ventralized development; depletion of maternal axin1 resulted in dorsalized development (Kofron et al., 2001) . To determine the physiological function of Rnf146, we depleted the maternal Rnf146 using oligodeoxynucleotide (ODN) and the zygotic Rnf146 using an antisense morpholino oligo (MO). Our current results indicate that Rnf146 is essential for the axis formation in early Xenopus development, highlighting the physiological relevance of Rnf146 as a critical regulator of Wnt signaling.
Results and discussion

Expression of Rnf146 in early Xenopus development
The Xenopus Rnf146 gene encodes a polypeptide of 314 amino acid residues, with a shorter and less conserved C-terminal part when compared to the human RNF146 (Fig. 1A) . However, all three well characterized domains were found in the Xenopus Rnf146; the N-terminal RING domain and the central WWE domain whose C-terminal part binds poly ADP-ribosyl (PAR) moieties of its substrates ( Fig. 1A and  B) . To determine the function of Rnf146 in early Xenopus embryogenesis, we investigated its expression patterns through RT-PCR and whole mount in situ hybridization (WISH). RT-PCR examination found that rnf146 was maternally stored (Fig. 1C , oocyte to st8) and constantly expressed through the cleavage stage to early tailbud stage (Fig. 1C) . WISH revealed that the maternal rnf146 was enriched in the animal pole of cleavage stage embryos ( Fig. 1D and D′) . The expression of rnf146 remained in the animal pole of the mid-gastrulae ( Fig. 1E and E ′). By the early neurula and tailbud stages, rnf146 was detected in the forming central nervous system (Fig. 1F , F′ and G, G′). The dynamical expression of Rnf146 implies it might play a role in early Xenopus development.
Rnf146 is involved in controlling in Axin1 expression and Wnt signaling in early Xenopus embryos
Rnf146 has been shown to target Axin1 for proteosomal degradation in Wnt signaling transduction (DaRosa et al., 2015; Huang et al., 2009; Zhang et al., 2011) . This predicts that depletion of Rnf146 would cause increase of the expression Axin1 protein. To verify this prediction, we designed an antisense morpholino oligonucleotide (Rnf146 MO) to deplete Rnf146 in early Xenopus embryos through translation blocking. The efficacy of the Rnf146 MO was demonstrated through reporter assays. To do this, we generated a Myc-tagged Rnf146 cDNA clone containing the Rnf146 MO-complementary sequence around the start codon. This cDNA clone was then used to synthesize rnf146-myc mRNA. We sequentially injected rnf146-myc mRNA with the control MO (cMO) or the Rnf146 MO into both cells at the two-cell stage. The control MO (cMO) was purchased from Genetools with a random sequence. Embryos were cultured to the mid-gastrula stage followed by western blotting analysis. We found that injection of 40-80 ng Rnf146 MO could efficiently inhibit the expression of Rnf146-Myc protein from the MO-recognizable rnf146-myc mRNA in a dose dependent manner ( Fig. 2A) . By contrast, the reporter mRNA could be efficiently translated in the presence of cMO ( Fig. 2A) , suggesting the Rnf146 MO can be utilized to deplete the endogenous Rnf146 protein.
The effects of Rnf146 MO on the expression of endogenous Rnf146 could not be directly assessed due to lack of a specific antibody for the Xenopus Rnf146; we therefore monitored the change of expression levels of Axin1 upon Rnf146 MO injection. To do this, cMO and/or Rnf146 MO-injected embryos at the late gastrula stage (st12) were subjected to western blotting analysis using a specific antibody directed against mammalian Axin1, which has been shown to recognize the Xenopus Axin1 (Kofron et al., 2007; Kofron et al., 2001) . We observed that the expression levels of Axin1 were noticeably increased by Rnf146 MO injection in a dose dependent manner (Fig. 2B) . The decrease of Axin1 by Rnf146 MO injection predicted that Rnf146 depletion should increase the expression levels of β-catenin. Indeed, we found that the expression levels of β-catenin were inversely correlated with those of Axin1 upon Rnf146 MO injection (Fig. 2B) . These results confirm that Rnf146 is a critical regulator of Axin1 in the Wnt signaling transduction. To further demonstrate the importance of Rnf146 in Wnt signaling, we monitored the TOP-flash Wnt signaling reporters upon MO injection. To do this, cMO and/or Rnf146 MO was injected both cells at the 2-cell stage, and dual-luciferase reporter constructs were subsequently injected into all cells at the 4-cell stage. Embryos were then harvested at the stage 12.5 for the dual-luciferase activity analysis. We observed that Rnf146 MO inhibited the activity of Wnt signaling reporter in a dose dependent manner (Fig. 2C) . Instead, overexpression of Rnf146 had no effects on the TOP-flash reporter activity ( Fig. 2C ), indicating that the activity of Rnf146 is tightly regulated during regulating Wnt signaling. Based on these results, we conclude that Rnf146 is critically involved in regulation of Wnt signaling in early Xenopus embryos.
MO-knockdown of Rnf146 causes anteriorized development
It is well established that the zygotic Wnt/β-catenin signaling is finetuned by antagonizing signals expressed in Spemann organizer to promote anteroposterior (AP) pattern formation in Xenopus. Data shown in Fig. 2B revealed that the MO-mediated depletion of Rnf146 discernably affected Wnt signaling after the mid-gastrula stage ( Fig.  2B ), suggesting Rnf146 MO inhibits the zygotic Wnt signaling. This predicted that injection of Rnf146 MO would cause AP patterning defects. To test this prediction, we monitored the phenotypic effects of Rnf146 MO injection. Firstly, we verified that injection of 60 ng cMO into both cells at the 2-cell stage did not cause observable defects on body pattern formation as examined at the early tailbud stage (Fig. 3A) . Secondly, we found that injection of 60 ng Rnf146 MO did not cause discernably effects on the initiation of gastrulation (data not shown). However, embryos injected with 60 ng Rnf146 MO displayed obvious developmental defects including the body length shortening and anterior bulging by the tailbud stages (Fig. 3A) , indicating that Rnf146 is required for the normal AP pattern formation in Xenopus. To assess whether the observed AP patterning defects were specific to Rnf146 depletion, we performed rescue experiments. To do this, we confirmed that MO-resistant Rnf146-Myc mRNA was efficiently translated in the presence of Rnf146 MO (Fig. 3B ). We then sequentially injected 200 pg MO-resistant Rnf146 mRNA and MO (60 ng), and found that the AP patterning defects in Rnf146 morphants were partially restored by reintroduction of rnf146 mRNA when examined at the early tailbud stage ( Fig. 3A and C), indicating that the observed defects in body axis formation is specifically due to Rnf146 depletion.
To further demonstrate the involvement of Rnf146 in AP pattern formation in Xenopus, we examined several AP pattern-related marker genes through WISH. As shown in Fig. 3D , the expression domain of otx2, a widely used anterior marker, was enlarged drastically in Rnf146 MO morphant embryos when compared to control morphants at the late neurula stage (Fig. 3D) . Importantly, reintroduction of 200 pg MO-resistant rnf146 mRNA could partially scale back the expression domain of otx2 in Rnf146 morphants (Fig. 3D) , reaffirming that Rnf146 is specifically required for AP pattern formation in Xenopus.
Interestingly, injecting back synthetic mRNA encoding an E3 ligase deficient mutant (Rnf146-ΔRing) failed to rescue the expression pattern of otx2 (Fig. 3D) , indicating that the E3 ligase activity is critical for Rnf146 during AP pattern formation. Injection of mRNA encoding β-catenin had also partially restore the expression pattern of otx2 in Rnf146 morphants (Fig. 3D) , further supporting that Rnf146 is a positive regulator of Wnt signaling during AP pattern formation.
Furthermore, we observed that the expression of hindbrain marker gene egr2 and spinal cord gene hoxb9 was retained in Rnf146 morphants (Fig. 3E) , suggesting that Rnf146 depletion did not cause a total loss of posterior fate. However, we noticed that the expression domains of egr2 or hoxb9 seemed to shift posteriorly in Rnf146 morphants. To verify this, we injected Rnf146 MO together with the RLDx (rhodamine lysinated dextran) tracer into one cell at the 2-cell stage and performed WISH at the early tailbud stage. We found that the expression domains of egr2 and hoxb9 indeed posteriorly shifted (Fig. 3F) . Injecting back of MO-resistant Rnf146 mRNA after MO injection could partially restore the expression patterns of egr2 and hoxb9 (Fig. 3F) , confirming the specificity of Rnf146 MO during AP patterning formation. Taken together, we conclude that Rnf146 plays a critical role in controlling Wnt signaling during AP pattern formation in Xenopus.
Maternal Rnf146 is involved in organizer formation in Xenopus
After verification the role of zygotic Rnf146 in regulating AP pattern formation, we asked whether maternal Rnf146 would be required for maternal Wnt signaling-controlled events such as organizer formation and dorsal axis development. To answer this question, we depleted maternal Rnf146 by taking advantages of antisense oligodeoxy-nucleotide (ODN)-mediated depletion of maternal mRNA and host transfer technique (Hulstrand et al., 2010; Olson et al., 2012 ). An antisense ODN named AS3m was selected based on its efficient depletion of Rnf146 mRNA in oocytes (Fig. 4A) . Injection of 6-10 ng AS3m into full-grown oocytes reduced the maternal store of Rnf146 mRNA to below 50% of that in H 2 Oinjected oocytes (Fig. 4A ). Oocytes were fertilized through host transfer (Hulstrand et al., 2010; Olson et al., 2012) . In order to determine whether deplete maternal rnf146 would affect the expression of zygotic rnf146, we collected embryos at stage 10 and performed qPCR analysis. We found that the expression of zygotic rnf146 was not affected by injection of a low dose of AS3m (6 ng), but slightly reduced when higher doses (8-10 ng) of AS3m was injected, suggesting that injection of AS3m into full-grown oocytes mainly depletes the maternal Rnf146. We then monitored the phenotypic effects of AS3m-mediated depletion of maternal rnf146 by the early tailbud stage. We observed that AS3m-mediated depletion of maternal Rnf146 resulted in ventralized development by the criterion of dorsal axis loss (Fig. 4B) . We scored the dose effect of AS3m using widely accepted dorsoanterior index (DAI) (Kao and Elinson, 1988) . Embryos fertilized from H 2 O-injected oocytes developed with normal dorsal axis formation and their average DAI was scored as 4.9 + 0.02 ( Fig. 4B and B′) . However embryos fertilized from oocytes injected with 6-10 ng AS3m were scored with a gradual decrease of DAI values ( Fig. 4B and B′) , indicating that AS3m causes ventralization in a dose dependent manner. Importantly, injection of 6 ng AS3m into oocytes did not affect the zygotic expression of rnf146 at all, yet caused a partial loss of anterior development and a significant decrease of DAI value (3.7 + 0.21) ( Fig. 4B and B′) . These data collectively suggest that maternal Rnf146 is required for organizer formation and dorsal axis development in Xenopus.
Several genes have been characterized as direct and/or indirect targets of maternal Wnt signaling during organizer formation (De Robertis, 2006; Harland and Gerhart, 1997; Heasman, 2006) . For example, the nodal3.1 (formerly known as Xnr3) and transcription factor siamois are directly activated by maternal Wnt signaling. The maternal Wnt signaling is also required for the activation of several BMP signaling antagonists including chordin (chrd) and goosecoid (gsc). These maternal Wnt signaling targets are essential for organizer function during dorsal axis development. To further investigate whether Rnf146 also regulates Wnt signaling during organizer formation and dorsal axis development, we performed qPCR analysis for four representative organizer genes at the early gastrula stage. We found that the expression of nodal3.1, siamois, gsc, and chrd was significantly decreased in 10 ng AS3m-injected embryos (Fig. 4C) . When injected at lower doses (6-8 ng), AS3m also significantly inhibited the expression of nodal3.1, gsc and chrd, and inhibited siamois expression to a less extend (Fig. 4C) . These data support the notion that maternal Rnf146 is required for organizer formation. The expression of several genes involved in mesendoderm induction (xbra, eomes, endodermin) or ventral patterning (sizzled and ventx2) was also analyzed. We found that even injection of a high dose of AS3m (10 ng) did not noticeably affect the expression of these additional genes (data not shown), suggesting that Rnf146 is specifically required for organizer gene expression. These data collectively indicate that Rnf146 also plays a role in organizer formation and dorsal axis development during which maternal Wnt signaling is absolutely indispensable.
To assess the specificity of maternal Rnf146 depletion, we performed rescue experiments. To do this, 8 ng AS3m-injected oocytes were cultured for 36 h, allowing efficient depletion of maternal rnf146 mRNA and degradation of the ODN (Hulstrand et al., 2010; Olson et al., 2012) . These oocytes were then divided into two groups. Synthetic mRNA encoding Rnf146 was then injected into one group of AS3m-injected oocytes. All relevant groups of oocytes were then treated with progesterone followed by the host transfer procedures (Olson et al., 2012) . The DAI was then scored by the tadpole stage. We found that injecting back Rnf146 could partially restore the dorsal axis formation in embryos that developed from AS3m-injected oocytes ( Fig. 4D and D ′), confirming that AS3m-mediated depletion of maternal Rnf146 specifically causes ventralized development. Following a similar experimental scheme, we also found that injection of synthetic mRNA encoding β-catenin after fertilization was able to partially restore the . 30 ng Rnf146 MO together with the RLDx tracer was injected into one cell at the 2-cell stage and then fixed at the early tailbud stage for WISH. Red fluorescent photographs shown as insets indicate the side received Rnf146 MO injection. Black arrows indicate the anterior limit of hoxb9 expression domains in the control side; red arrows the anterior limit of hoxb9 expression domains in the MO-injected side. Note that embryos represented in (F) were cultured with vitelline membrane removed at the late gastrula stage (st13), resulting in these embryos a more extended appearance along AP axis than those embryos shown in (E), even though embryos were fixed at stage 24/25 in both occasions. dorsal axis development in embryos depleted of maternal Rnf146 (Fig.  4D and D′) , reaffirming that Rnf146 functions through canonical Wnt signaling in regulating dorsal axis formation.
Maternal Rnf146 is required for controlling Axin1 expression
To determine whether depletion of maternal Rnf146 also affects Axin1 protein expression, we depleted maternal Rnf146 and examined Axin1 protein expression in resultant embryos at the mid-blastula stage. Western blotting analysis indicated that injection of 6-10 ng AS3m discernably increased Axin1 levels and concomitantly reduced β-catenin levels (Fig. 5A) , suggesting that Rnf146 is critically involved in controlling the expression levels of Axin1 during cleavage and blastula stages. It has been shown that depletion of maternal Axin1 using a specific antisense ODN in Xenopus causes hyperdorsalization and increased expression of organizer genes (Kofron et al., 2001; Kofron et al., 2007) . To further demonstrate the functional interaction between Rnf146 and Axin1 during organizer formation, we performed double depletion of maternal Rnf146 using the antisense ODN AS3m and Axin1 using a previously characterized antisense ODN (Kofron et al., 2001) . As expected, depletion of maternal Rnf146 alone resulted in decreased expression of sia and nodal3.1; depletion of Axin1 alone instead increased the expression of these organizer genes (Fig. 5B) . Additional depletion of Axin1 in Rnf146-depleted oocytes partially restored the expression of sia and nodal3.1 at the early gastrula stage (st 10.5) (Fig. 5B) . These data collectively suggest that maternal Rnf146 and Axin1 also functionally interact during organizer formation.
In summary, we provided evidence in this study that Rnf146 is an essential regulator of body pattern formation in Xenopus. By utilizing MOmediated translation blocking, we found that zygotic Rnf146 is required for normal AP pattern formation. By taking advantages of antisense ODN-mediated depletion and host transfer technique, we showed that maternal Rnf146 is involved in organizer formation and dorsal axis development. Our findings are consistent with the notion that Rnf146 regulates pattern formation through the control of Wnt signaling. Both dorsal axis formation and AP patterning in Xenopus involve Wnt signaling in a time and space dependent manner. During cleavage stages, the maternal Wnt signaling selectively marks a small subset of zygotic genes for their prompt activation during blastula stages in Spemann organizer (Blythe et al., 2010) . The BMP antagonists secreted from Spemann organizer promote dorsoventral differentiation of three germ layers along organizer-non-organizer dimension (De Robertis, 2006; Heasman, 2006) . During gastrulation, Spemann organizer also promotes AP pattern formation through secreting a panel of Wnt antagonists (Harland and Gerhart, 1997; Loh et al., 2016) . We confirmed in this study that depletion of Rnf146 leads to stabilization of Axin1 and consequently decrease of β-catenin in two different developmental contexts. We therefore hypothesize that Rnf146, as a constitutive regulator of Wnt signaling, plays essential roles during embryonic pattern formation in Xenopus (Fig. 5C ). The seemly different consequences of Rnf146 depletion in oocytes using an antisense ODN and in fertilized eggs using a translation blocking MO can be explained by its activity in controlling Axin1 protein expression (Fig. 5C ).
Axin1 seems to be a limiting component of the destruction complex (Lee et al., 2003; Salic et al., 2000) . It is possible that the stability of Axin1 is subject to multiple regulations. In additional to TNKS/Rnf146, Gtpbp2 has been recently proposed to be a positive regulator of Wnt signaling during embryonic pattern formation in Xenopus (Gillis et al., 2016). MO-mediated knockdown of Gtpbp2 causes AP pattern defects. Depletion of Gtpbp2 results in increased expression of Axin1 protein in Xenopus (Gillis et al., 2016) . It will be interesting to investigate in the future whether and/or how Rnf146 and Gtpbp2 may interact in controlling Axin1 expression and ensure normal embryonic pattern formation.
Recent progress has also implicated Rnf146 in destruction of several other substrates in addition to Axin1. For instances, Rnf146 promotes proteasomal degradation of poly-ADP-ribosylated SH3BP2 (Levaot et al., 2011) . Mutations of SH3BP2 have been found in Cherubism, which results in its refractory to TNKS/Rnf146 coupled proteasomal degradation (Levaot et al., 2011) . Rnf146 has also implicated in cell-cell junctions through controlling expression of angiomotin in cell-cell junction complex (Campbell et al., 2016; Wang et al., 2015) . In targeting the degradation of these substrates, the Rnf146 is activated by the ADPribosyl moieties attached to the substrates by TNKS and maybe other PARPs (DaRosa et al., 2015; Wang et al., 2012) . Consistent with notion, Rnf146 has been found to regulate cell survival through interacting multiple DNA damage repair related proteins with poly-ADP-ribosylation modifications . These findings from others also imply that Rnf146 by itself does not initiate destruction of its substrate. We found that overexpression of Rnf146 had little if any effects on embryonic pattern formation (Figs. 2C, 3A and not shown). Our current findings together with findings from others suggest that Rnf146 is essential for controlling embryonic development and cellular/tissue homeostasis. Further studies are need however to determine how Rnf146 regulates embryonic pattern formation through Wnt signaling dependent and independent mechanisms.
Methods and materials
Embryos, microinjection and host transfer
The Xenopus laevis frogs were purchased from the Nasco Inc. (Wisconsin, USA). Fertilized eggs were dejellyed with 2% Cysteine (pH 8.0) and injected with mRNA or MO through standard procedures as described previously Zhang et al., 2014; Zhu et al., 2015) . Oocytes were manually defolliculated using a pair of watchmaker forceps and cultured in OCM (oocyte culture medium) supplemented with 1% penicillin and streptomycin (Gibco). The host transfer technique was carried out through procedures as described in (Hulstrand et al., 2010; Olson et al., 2012) .
Oligos, primers, RT-PCR
Sequence of the AS3m antisense oligodeoxynucleotide (ODN) used in depletion of maternal Rnf146 mRNA was: 5′-T*G*C*CACCACCCA*T*T*T-3′ (* indicates thioate substitution of phosphorus in the three phosphorodiester bonds at either end of the ODN, targeting the Rnf146.S homeolog). ODN for maternal Axin1 depletion (both L and S homeologs): 5′-T*T*C*CTCGCCAGGAA C*T*G*G-3′ (Kofron et al., 2001; Kofron et al., 2007) . ODNs were designed and selected through procedures described in (Hulstrand et al., 2010; Olson et al., 2012) .
Morpholino oligos were designed and synthesized by GeneTools. Sequences of MO oligos are: control MO (cMO): 5′ cctcttacctcagttacaatttata3′; Rnf146 MO: 5′ gactttgggcagatggctggttgtg 3′.
Sequences of qPCR primers used in this study were as follows: Rnf146 (this study): F: 5′gatagctggcttcctttatgtg3′, R: 5′ tccctcagtacaactacaagtc3′ chrd : F: 5′aactgccaggactggatggt3′, R: 5′ ggcaggatttagagttgcttc3′ gsc (Gao et al., 2016; Zhang et al., 2014) : F: 5′ttcaccgatgaacaactgga3′, R: 5′ttccacttttgggcattttc3′ odc (Gao et al., 2016; Zhang et al., 2014) : F: 5′ gccattgtgaagactctctccattc3′, R: 5′ttcgggtgattccttgccac3′ siamois (Gao et al., 2016; Zhang et al., 2014) : F: 5′ ctcaacccttatccagactttg3′, R: 5′taatgggcttctctactgagga3′ nodal3.1 (Zhang et al., 2014) : F: 5′cttctgcactagattctg3′, R: 5′ cagcttctggccaagact3′ 3.3. cDNA clones, mRNA synthesis, and whole mount in situ hybridization (WISH)
The ORF of Xenopus Rnf146 with a Myc-tag at its 3′ end was cloned into pCS2 vector using EcoRI/XhoI. The Xenopus Rnf146 cDNA construct was linearized with NsiI for mRNA synthesis using a SP6 MessageMachine Kit (Ambion), and linearized with EcoRI for in situ probe synthesis using T7 polymerase (Promega) incorporation of DIG-UTP (Roche). Whole mount in situ hybridization (WISH) for rnf146, otx2, hoxb9, or egr2 (formerly known as krox20) was processed through standard procedures as described previously (Zhu et al., 2015) .
Western blot analysis and immunostaining
Western blotting was carried out through procedures as described in (Ding et al., 2013; Gao et al., 2016; Zhang et al., 2014) . Briefly, RIPA buffer was used to lyse embryos at desired stages for detecting proteins from the whole cell lysate. To detect the cytosolic fraction of β-catenin and Axin1, 0.015% Digitonin containing PBS buffer was used to lyse embryos, keep on ice for 30 min and centrifuge the lysate 12,000 rpm 10 min in 4°C. Antibodies used in this study: anti-β-catenin (Sigma #2206, 1:5000), anti-Axin1 (CST #2087, 1:2000), anti-myc (Santa Cruz sc-40, 1:2000) .
